Abstract: Over the past several years there has been an increasing trend to identify and minimize measurement uncertainties in most types of EMC testing. This paper describes various uncertainty influence quantities that may affect direct voltage-based or correlated E-field radiated emissions tests in most TEM waveguides, and specifically in the GTEM cell. Most TEM-waveguide emissions testing is based on the measurement of EUT total radiated power. To clarify directivity and EUT loading influences, total radiated power and field strengths measured from canonical loop antenna and slotted and raised-lid box EUTs in GTEM cells in the 30-2000 MHz frequency range is presented. Measured results from various GTEM multi-position conversion-to-free-space or -OATS schemes are compared. The intent is to describe an analysis framework and raise awareness so that operators can begin to recognize and minimize uncertainty sources, and to contribute to better understanding of Correlation effects in GTEM.
INTRODUCTION

The reference test facility for EMC radiated emissions testing has traditionally been and still is the open-area-test-site (OATS).
Various sizes of semi-anechoic chambers (SAC) have become a very popular but sometimes relatively expensive near equivalent to OATS. There is still interest in the EMC community for alternative test facilities, including the free-space (FS) type fullyanechoic rooms (FAR), gigahertz transverse electromagnetic (GTEM) cells and other TEM waveguides, and reverberation chambers. GTEM cells are currently used as alternative test sites for both pre-and full-compliance radiated emissions testing. A GTEM does not directly measure an OATS-equivalent field strength at a distance, but it instead measures total radiated power from an equipment-under-test (EUT). This GTEM-measured power is typically used to calculate an equivalent OATS field strength as radiated by a simple dipole. The basic GTEM correlation algorithm uses voltage readings from three orthogonal positions of an EUT to estimate total radiated power that is inserted in the usual far-field field strength formula. These alternative correlation methods have been claimed to have advantages over the simple three-position method, thus the 6, 6M/3I, 9, 12M/3I, and 15 position methods are investigated below.
It is useful to consider testing in alternative facilities in terms of "compliance uncertainty" [SI.
Compliance uncertainty encompasses the usual measurement instrumentation uncertainty, e.g., [9] for OATS testing, but also includes other effects such as EUT-to-receive-antenna mutual coupling, cable layout sensitivities, and measurement system and EUT repeatabilities. Table 1 gives an extensive but maybe not exhaustive list of uncertainty influence quantities for TEM waveguide radiated emissions testing. Several of these may overlap, and may or may not make a significant difference in any particular test. It is known that OATS or SACS usually correlate to each other within about 4 dB to 8 dB [e.g., 211, therefore uncertainty components of less than 0.5 dB or so can sometimes be neglected in favor of larger issues. Under current circumstances, in the end the proof is in the correlation. At present numerical estimates for several of these components are not available, so future discussion and research may be needed. Many of these are expected to be less than 1 dB and will not be discussed. . While these should provide repeatability and reproducibility advantages, results based on these setups will likely have systematic differences between each other and between the usual OATS and SAC cable layouts. These differences need more experimental investigation, after which their contributions can be included in compliance uncertainty budgets.
POSSIBLE RADIATED EMISSIONS UNCERTAINTY INFLUENCE QUANTITIES
SUB-GHz DIRECTIVITY EFFECTS WITH EXAMPLE LOOP RADIATOR
While presently there is much discussion about directivity effects with regards to testing above 1 GHz, it is important to be aware that radiation-pattern effects can play a role in the 30-1000 MHz range as well. Although the original reference radiator concept [28] suggested the use of a lOcm loop for 200-1000 MHz site characterization., it turns out that the simple 30cm square loop is an interesting EUT for use in correlation exercises due to its complex radiation pattern shapes. An example of the possible deviations depending on initial EUT position in the GTEM is shown by the loop radiated power data in Figure 1 . The start positions are shown in Figure 2 . Curves 1 and 3 are low in 350 MHz vicinity, while curves 2 and 3 are low in 725 MHz vicinity. Use of the 12M/3I method [5] would give the upper envelope of the curves since the maximum is selected at each frequency. The 6M/3I method of [2] is a subset of 12M/31, so this may not capture the peak at all frequencies, depending on EUT radiation pattern shape and symmetry.
These influence quantities can be loosely categorized into effects due to the receiving system (1-4), correlation algorithm (5-14), TEM field distribution (15-24), and EUT (25-34). Discussion of any of these effects in the future can and should be done in terms of relative magnitudes in the uncertainty budget. which shows that GTEM E-field is a function of EUT radiated power P (related to measured voltages), EUT numeric gain g, frequency, site geometry factor S, , , , transmission-line impedance Z,, and TEM mode field strength eo,,, The number of factors in the last square root term and the first numeric multiplier may differ
The loop results of Figure 1 show a ripple in the response, particularly below about 600 MHz. Though bothersome, this ripple was Seen to be an entirely repeatable trait of this specific among multi-position correlation methods.
An uncertainty sensitivity analysis could be done using partial derivatives of this E-field equation. Figure 6 shows NEC2-calculated normalized far-field radiation patterns for 30 cm square loop. For a one-wavelength-perimeter square loop antenna, "radiation is maximum normal to the plane of the loop (along the x-axis) and in that direction is polarized parallel to the loop side containing the feed. In the plane of the loop there is a null in the direction parallel to the side containing the feed point (along the y-axis), and there is a lobe in a direction perpendicular to the side containing the feed (along the z-axis). These results are quite different from the small loop antenna which has a null onaxis and maximum (uniform) radiation in the plane of the loop"
[31]. The 30cm square loop has a one-wavelength perimeter at 250
MHz, while a lOcm loop would have this resonance at about 750 MHz. In a resonant circular loop, "the current is seen to be roughly equivalent to that in a pair of parallel dipole antennas driven in phase and with a spacing approximately equal to the diameter of the loop." "The far-zone patterns for the resonant loop are also similar to those for the pair of dipoles; they have little resemblance to the figure-eight pattern of the electrically small loop" [32] . For example, nulls in they-direction (90" from top of -275
--750 when slotted-box type radiators are considered as an unknown radiator [19, 20] . As shown in [19] , a numeric gain of g=4 is a better representation for the slotted box, which if used would shift the GTEM levels in Figure 9 slightly higher. Again a good comparison of Comb2/raised-lid box 3 m free-space field strength converted from 3-position GTEM 750 and 1750 tests is shown in Figure 10 . The 0" and 45" FAR data in Figure 11 show a peak emanating from the box comer near 900 MHz. Any GTEM method that does not orient the comer towards the feed may underestimate field strengths in this frequency range, since GTEM 0" and 90" start positions give near-identical readings. The 9-position method measures *45" for each orthogonal axes permutation, so the 900 MHz-range maxima was better predicted with that method. The 9-position overestimates above 1 GHz may be due to phase errors [30] or code or formulation errors. Finally, Figure 12 shows comparison between 3-and 15-position GTEM 750 and one-position FAR data. Here all methods show relatively good agreement. Good correlation data for this EUT mode was also shown in [20] . 
EXAMPLE UNCERTAINTY BUDGET FOR GTEM TEST
An example uncertainty budget is shown in Table 2 for a GTEM radiated emissions test. Typical element values are used for a setup with spectrum analyzer, external pre-amp, cables, and GTEM. First, combined standard and expanded uncertainties are computed for the GTEM using a template like Table 2 . This GTEM contribution consists of a 4 dB field uniformity influence quantity with triangular distribution (weighting factor 1/ d6), and for example the correlation standard deviation cs =2.92 from Figure  9 with a normal distribution. (It is permissible to use the number of test frequencies to derive and use the standard deviation of the mean, but that will not be done in this example.) This gives an expanded uncertainty ( k 2 ) of 4.381 dB for use as the GTEM Table 2 . Example Uncertainty Budget for Slotted-box EUT 3-position GTEM-to-FAR Correlation Table 2 . The final expanded uncertainty for the system is then 4.989 dB. A zero weighting factor factor is shown for the comb generator amplitude tolerance because it is included in the GTEM correlation term.
DISCUSSION AND CONCLUSIONS
Very good agreement has been shown between measured free-space and OATS radiated emissions and predictions based on simple loop and box EUT total radiated power testing inside GTEM cells. It was beyond the scope of this work to validate the 9-and 15-position correlation methods, but the results here indicate that additional verification and experience may be needed with those methods, or at least with the software implementation versions used in this study. Rotation schemes that do not include the peak radiation lobe with matched polarization will likely give lower radiated power and converted field strengths.
Numerous uncertainty influence quantities have been summarized and reviewed. In the future, discussion of any of these effects can and should be done in terms of their magnitude relative to the total uncertainty budget magnitude. Quantities that are insignificant with respect to the combined standard uncertainty should be either ignored or at least deprecated. Pattern, directivity, and EUT loading effects have been reviewed, but similar analyses are still needed for cable effects in TEM waveguides. In spite of the actual and perceived quirks of TEM waveguides, the experience of many GTEM users shows that GTEM works, providing good, reliable measures of the radiated emission of EM disturbances from EUTs and the immunity of EUTs to radiated EM disturbances.
